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Gene Delivery of Paraoxonase-1 Inhibits Neointimal Hyperplasia after Arterial BalloonInjury in Rabbits Fed a High-Fat Diet
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Introduction
Paraoxonase-1 (PON-1) is a calcium-dependent esterase consisting of 354 amino acids with a molecular mass of approximately 45 kD (1, 2) . This enzyme is synthesized in the liver and secreted into the bloodstream. In the vessel lumen, PON-1 hydrolyzes specific oxidized cholesteryl esters and phospholipids in oxidized lipoproteins, thereby inhibiting the lipid peroxidation products from binding to the low-density lipoproteins (LDLs). It is noteworthy that PON-1 transgenic mice show a lower risk for atherosclerosis (3) . In contrast, apolipoprotein E (apoE) and PON-1 double knockout mice face a higher risk for atherosclerosis than apoE single knockout mice (4) (5) (6) . The PON-1-expressing vessel walls decrease the extracellular oxidative stress level of superoxide anions, as revealed by measuring the lipid peroxidase, glutathione, and LDL oxidation levels (7) . These observations suggest that cellular and humoral increases in the PON-1 gene are beneficial for inhibiting the development of atherosclerosis.
Serum PON-1 activity was reportedly reduced in apoEdeficient mice (6) , mice fed a high-fat diet (8) , and patients with diabetes (9) , Alzheimer disease (10), or renal failure (11) . Human serum PON-1 activity was shown to be inversely related to the risk of cardiovascular disease (12) . PON-1 activity was reportedly increased by fenofibric acid and decreased by several statins (13) , suggesting that the effects of those anti-hyperlipidemic agents could be mediated in part by the activation of the PON-1 gene.
These observations support the hypothesis that the enhancement of PON-1 activity may be beneficial for preventing atherosclerotic disease in humans. One strategy to increase PON-1 activity is to transduce the PON-1 gene into Kupffer cells in the liver (14) . However, PON-1 activation may be more effective if delivered into the local atherosclerotic lesion. Since no adverse effects of the PON-1 gene have been reported, it may be a candidate for an anti-restenosis agent delivered into the coronary arteries using drug-eluting stents. Local delivery of the PON-1 gene is more applicable than intravenous administration or transgenic delivery to liver cells.
In this study, we investigated the effect of local delivery of the PON-1 gene using a Sendai virus (SeV) vector in a balloon injury model utilizing rabbits fed a high-fat diet.
Methods

SeV Vector Expressing PON-1 and Enhanced Green Fluorescent Protein
The SeV vector expressing the PON-1 gene (PON/SeV) was constructed as in the previous report (15) . The N, P, M, F0, HN, and L genes were lined up in the genome and the cDNA was inserted between the N and P genes. Briefly, the cDNA clone of the rat PON-1 cDNA (DDBJ/EMBL/GenBank Acc. No. BC012706) was obtained from Open Biosystems (Huntsville, USA), further amplified by polymerase chain reaction (PCR) using the primers 5′-TTGCGGCCGCAGTAAGAA AAACTTAGGGTGAAAGTTCACTTCACAATGGCG AAGCTGCTA-3′ and 5′-TTAGCGGCCGCTATTAAG CGTAGTCTGGGACGTCGTATGGGTACAGATCACAG TAAA-3′, and subcloned into the NotI site of pSeV18c(+). By this procedure, a hemagglutinin (HA) tag was attached at the C terminus of the PON-1 protein. 
Animal Surgery
Eleven male white New Zealand rabbits aged 1 month, obtained from Kitayama Labes (Nagano, Japan), were all fed a 2% cholesterol high-fat diet for 8 weeks. The animals were then divided into two groups: a PON-1-treated group (n= 7) and an EGFP control group (n= 4).
The rabbits were anesthetized with intramuscular doses of ketamine (10 mg/kg) and xyladine (5 mg/kg). The right femoral artery was exposed, and a 4F sheath (Medikit, Tokyo, Japan) was placed in the right femoral artery. Subsequently, a sheath-guided 2F Fogarty balloon was advanced to the common iliac artery, whose intima was then injured by moving the balloon a couple of times. After creating the injury, the proximal site of the right common iliac artery was occluded with the balloon and 100 MOI (multiplicity of infection) of the PON/SeV or EGFP/SeV was administered into the lumen and kept for 5 min. Then the occlusion was removed and the bloodstream was restarted. After 7-10 days, the animals were sacrificed and the femoral (iliac) arteries were subjected to the analyses.
All of the animals received humane care in compliance with the animal care and use guidelines of the Institutional Animal Care and Use Committee of Hiroshima University. This investigation conformed to the principles outlined in the Declaration of Helsinki.
Total Cholesterol, High-Density Lipoprotein, LDL, Very Low-Density Lipoprotein and Triglyceride in the Rabbit Plasma
Blood samples were obtained from the rabbits through a 4F sheath placed in the femoral artery. The plasma samples were prepared by centrifugation at 3,000 rpm for 7 min. Total cholesterol (TCH), LDL, and triglyceride (TG) were measured with an automatic assay system using the cholesterol oxidaseperoxide method and glycerol kinase-glycerol-3-phosphate oxidase-peroxidase method, respectively. High-density lipoprotein (HDL) cholesterol and very low-density lipoprotein (VLDL) were measured using an enzymatic method.
Staining of Tissue Samples
The tissue samples were fixed in a 4% paraformaldehyde solution, dehydrated with ethanol, and embedded in paraffin. Cross sections of the artery were cut to a thickness of 4 μm and stained according to the standard protocols for the hematoxylin and eosin, van Gieson and oil red O-staining techniques. The specimens were examined using an Eclipse TE 200-U microscope (Nikon, Tokyo, Japan).
The intima-media thickness was measured at three points (the thickest, thinnest, and intermediate parts) of the vessel cross section by using Scion image 1.63 software. The intima/ media (I/M) ratio of a section was the average of the three measurements. The oil red O-positive area was also measured using the software, and the ratio of the positive area to the negative area was calculated.
Western Blot Analysis
The frozen artery samples were homogenized in a lysis buffer (20 mmol/l Tris-HCl, pH 7.4, 1% Triton X-100, 1% deoxycholate, 0.1% SDS, 10% glycerol, 50 mmol/l NaF, 1 mmol/l dithiothreitol [DTT], 1 mmol/l vanadate, 10 μg/ml leupeptin) with Zilconia beads at 4°C at 30 Hz for 8 min using an MM 300 homogenizer (Qiagen, Hilden, Germany) and centrifuged at 14,000 rpm at 4°C for 10 min. The protein concentrations of the supernatants were determined using a DC protein assay (Bio-Rad Laboratories, Richmond, USA). The samples were separated by SDS-PAGE and transferred onto a nylon membrane. After overnight incubation in blocking solution 0.5% skim milk in phosphate-buffered saline (PBS), the membrane was incubated with an anti-MMP-3 antibody (Cosmo Bio, Tokyo, Japan) for 1 h at room temperature. The blots were washed in PBS containing 0.03% Tween 20 and further incubated with a peroxidase-conjugated secondary antibody for 1 h. The membranes were washed and processed for chemiluminescence detection by using the ECL Plus kit (GE Healthcare Life Science, Piscataway, USA). 
Fig. 1. A: PON-1 expression using an SeV vector in cultured LLC-MK2 cells. LLC-MK2 cells were infected with PON/SeV or
Immunofluorescence Staining
The iliac arteries of the treated animals were embedded in an OCT compound (Sakura Finetek USA, Torrance, USA) and frozen in liquid nitrogen. Serial sections of the arteries were cut into 4-μm slices using a cryostat, washed with PBS, fixed with 4% paraformaldehyde for 15 min at room temperature, and permeabilized with 0.5% Triton X-100 in PBS for 5 min. After blocking with 1% bovine serum albumin in PBS, the sections were incubated with primary antibodies and then were subsequently incubated with Alexa Fluor 488-conjugated anti-rabbit IgG antibody or Alexa Fluor 568-conjugated mouse IgG antibody. The specimens were examined using a DM 5000B fluorescent microscope (Leica Microsystems, Wetzlar, Germany).
The primary antibodies used were as follows: anti-HA tag mouse monoclonal antibody for the detection of the HAtagged PON-1 protein (Cell Signaling Technology, Danvers, USA), anti-RAM11 (macrophage marker) antibody (Dako Japan, Kyoto, Japan), anti-oxidized LDL receptor (LOX-1) antibody (Santa Cruz Biotechnology, Santa Cruz, USA), and anti-4-hydroxy-2-nonenal (HNE) antibody. The cell nuclei were stained with Hoechst 33258 (Hoechst, Frankfurt, Germany).
Statistical Analysis
The Mann-Whitney test was used to compare the differences between the two groups. Differences with a p value less than 0.05 were considered significant.
Results
PON-1 Expression by SeV Vector
Immunoprecipitation with an anti-HA tag antibody revealed that a 42 kDa protein was synthesized in the PON/SeVinfected LLC-MK2 cells (Fig. 1A) . This size was compatible with that of the HA-tagged PON-1 protein. In contrast, viral structural proteins were synthesized both in the PON/SeVinfected and EGFP/SeV-infected cells. EGFP expression in EGFP/SeV-infected cells was confirmed using fluorescent microscopy and immunoblotting with an anti-EGFP antibody (data not shown). These results show the protein expression from the SeV vectors in the cultured cells.
We next confirmed PON-1 expression in rabbit tissue 2 weeks after the administration of PON/SeV or EGFP/SeV. The distribution of HA-tagged PON-1 protein was examined by immunostaining using an anti-HA tag antibody (Fig. 1B) . The transduced HA-tagged PON-1 was distributed in the native and regenerated endothelium as well as in the vascular smooth muscle cells of the intima, neointima, and medial layer, but not in the adventitia. The variations in the PON-1-expressing region and expression levels among the animals were very small. The control EGFP was similarly distributed in the cross section (data not shown).
In the SeV-mediated gene delivery system, transduced gene expression persisted for at least 2 weeks after infection. Thus, we chose to examine the effects of PON-1 administration on atherosclerosis 1-2 weeks after injury/gene delivery.
Plasma Lipids and Lipoproteins
At 3 months of age, 2 weeks after the administration of PON/ SeV and EGFP/SeV, plasma was obtained from the local catheter and the levels of plasma lipids and lipoproteins were investigated. The TCH, TG, LDL, VLDL, and HDL levels were all similar between the two groups (data not shown).
Suppression of Neointima Formation by PON/ SeV
The iliac arteries of the rabbits fed a high-fat diet were injured with a balloon, and then either PON/SeV or EGFP/SeV was administered. After 1-2 weeks, cross-section samples of the arteries were prepared. Van Gieson staining demonstrated intimal thickening and neointimal formation in the EGFP group arteries but not in those of the PON-1 group (Fig. 2) . The normal architecture of the arteries, including the endothelial layer and elastic band, was destroyed in the EGFP group but was generally well preserved in the PON-1 group. The intimal thickening in the PON-1 group was milder compared to that in the EGFP group, suggesting that the gene delivery of the PON-1 gene inhibits neointima formation and atherosclerosis. 
Inhibition of Plaque Formation by Transduced PON-1
The intima/media ratio was significantly (63.5%) lower in the PON-1 group than in the EGFP group (Fig. 3) . Plaque formation, assessed by oil red O-staining, was severe in the EGFP group and attenuated in the PON-1 group (Fig. 4A) . Quantification of the total area of the oil red O-stained particles revealed an 87% reduction in plaque formation in the PON-1 group compared with the EGFP group (Fig. 4B) . The plaque area and neointimal area of the EGFP group were larger and the EGFP arteries had more disrupted endothelial cells and elastic bands than in the PON-1 group (data not shown).
Decrease in MMP-3 Expression by PON-1
Expression of MMP-3 (Stromelysin-1), a member of the MMP family, was investigated as a remodeling marker of the arteries. MMP-3 expression was lower in the PON-1 group than in the EGFP group (Fig. 5) .
Attenuated Oxidative Stress in PON-1-Transduced Arteries
To study the mechanism underlying the anti-atherosclerotic action of PON-1 overexpression, we examined LOX-1 expression in atherosclerotic lesions. In the EGFP group, LOX-1 expression was observed in the media and smooth muscle cells (Fig. 6A) . In contrast, no LOX-1 expression was observed in PON-1 group lesions, suggesting that PON-1 reduced LDL oxidation, thus preventing LOX-1 expression. Supporting the reduction in local oxidative stress, HNE staining intensity was more markedly reduced in PON-1 arteries than in EGFP arteries (Fig. 6B) . HNE was diffusely distributed in the intimal and media areas in the EGFP group, whereas in the PON-1 group it was distributed only at the edges of the intimal area.
There were fewer RAM11-positive macrophages in the PON-1 lesions, indicating that macrophage infiltration was also attenuated in the PON-1-treated arteries (Fig. 6C) . The distribution of RAM11-positive cells was frequently observed in the areas adjacent to the oil red O-stained plaque in both groups, confirming the contribution of the macrophages to plaque formation.
Discussion
In the present study, we examined the effects of local PON-1 gene transfection in balloon-injured atherosclerotic arteries of White New Zealand rabbits. The study demonstrated, for the first time, that local PON-1 gene transfection inhibited balloon injury-induced neointimal formation in rabbits fed a high-fat diet and that prevented the progression of atherosclerosis. This effect may be due to the fact that PON-1 suppresses LDL oxidation, leading to the inhibition of the formation of lipid core of atherosclerotic lesions. Relating to this, the effect of HDLs in preventing oxidative modification of LDLs was due mainly to the presence of enzyme PON-1 in the HDLs (5, 16, 17) .
Oxidized LDL (ox-LDL) activates vascular component cells, such as endothelial cells, macrophages, and smooth muscle cells, and also induces MMPs and proatherogenic genes (18) . LOX-1 is a type II membrane glycoprotein and exists in activated vascular endothelial and smooth muscle cells as well as in macrophages. LOX-1 can be induced by oxLDLs as well as by proinflammatory cytokines (19) and shear stress (20) in atherosclerotic lesions. LOX-1 also contributes to cell proliferation and migration through extracellular-signal-regulated kinase (ERK)1/2 activation (21). Thus, LOX-1 can be viewed as a mediator and biomarker of plaque formation (22) . In the PON-1 group, LOX-1 expression was lower in the intima, media, and smooth muscle cells than in the EGFP group. These findings show that the local administration of the PON-1 gene has the advantage of preventing ox-LDL formation not only in the intima but also in the media and smooth muscle cells. In vitro, the ox-LDL increased MMP-3 expression in human coronary artery endothelial cells (23) . LOX-1 upregulation activated the signaling pathways leading to the production of MMPs (18, 22, 23) . MMP-3, a member of the MMP family, played a role in this remodeling and destabilized the plaque rupture in the blood vessels. In the present study, the expression of MMP-3 and remodeling of the arteries were considerably reduced in the PON-1 group.
HNE production is the most reliable marker for lipid peroxidation (24, 25) , and was also reduced in the PON-1 group. In light of PON-1's ability to reduce LDL oxidation in vitro, the anti-atherosclerotic effect of PON-1 overexpression is derived from the reduction in the ox-LDL receptors and LDL oxidation.
By using the SeV vector we could efficiently deliver the PON-1 gene to the local neointimal vessel wall. The SeV vector is a safe vector and does not pass on the infection to other animals, except for rodents. In the present study, gene transfer was localized only on the vessel wall and the virus was not
Fig. 6. Immunofluorescence analysis of the common iliac arteries in the cross sections 1 week after injury and infection with PON/SeV or EGFP/SeV. The LOX-1 (A), HNE (B), and RAM11 (C) were stained with respective antibodies and corresponding Alexa Fluor 488 (green)-or 568 (red)-conjugated secondary antibodies. The cell nuclei were labeled with Hoechst 33258 (blue).
found in any other organs that we examined. Additionally, the vector had good transduction efficiency within a short time. The delivery of the PON-1 gene using the SeV vector might be a useful strategy for an anti-atherosclerotic therapy in humans.
Conclusions
This study showed that the local overexpression of the PON-1 protein inhibited neointimal hyperplasia and oxidative stress after arterial balloon injury in rabbits fed a high-fat diet. Delivery of the PON-1 gene may be a possible therapeutic strategy to prevent atherosclerosis.
